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Abstrat
It has been reently laimed that dark energy an be (and has been) observed in
laboratory experiments by measuring the power spetrum SI(ω) of the noise urrent in a
resistively shunted Josephson juntion and that in new dediated experiments, whih will
soon test a higher frequeny range, SI(ω) should show a deviation from the linear rising
observed in the lower frequeny region beause higher frequenies should not ontribute to
dark energy. Based on previous work on theoretial aspets of the utuation-dissipation
theorem, we arefully investigate these issues and show that these laims are based on a
misunderstanding of the physial origin of the spetral funtion SI(ω). Aording to our
analysis, dark energy has never been (and will never be) observed in Josephson juntions
experiments. We also predit that no deviation from the linear rising behavior of SI(ω) will
be observed in forthoming experiments. Our ndings provide new (we believe denite)
arguments whih strongly support previous ritiisms.
1 Introdution
The origin of dark energy is one of the greatest mysteries onfronting theoretial and
experimental physis. Dierent proposals for the solution of this so alled osmologial
onstant problem are put forward and many review artiles nowadays disuss and ompare
these alternative approahes (see for instane [1℄, [2℄, [3℄, [4℄).
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Among many other issues, Copeland et al. [3℄ disuss the suggestion of Bek and
Makey [5, 6℄ aording to whih dark energy an be (and has been) observed in labora-
tory experiments [7℄ by measuring the power spetrum of the noise urrent in a resistively
shunted Josephson juntion. If true, this would mark a dramati progress in our under-
standing of the origin of dark energy.
Aording to [5, 6℄, this power spetrum is due to thermal and vauum utuations of
the eletromagneti eld in the resistor and these experiments [7℄ provide a measurement
of the eletromagneti zero point energies, whih they onsider as being at the origin of
dark energy.
These ideas have generated a ertain debate and some authors [8, 9, 10℄ have argued
against them. Bek and Makey have rebutted these ritiisms [11℄ but they were again
ritiized in [12℄. Copeland et al. lose the setion of their review devoted to this issue
by saying that time will tell who (if either) are orret [3℄. Needless to say, this issue is
of the greatest importane and deserves further investigation.
Sope of this work is to bring additional elements to the analysis of this problem in
the hope that the question posed in [3℄ ould nally nd an answer. To this end, it is
neessary to review in some detail the Bek and Makey proposal [5, 6℄.
These authors begin by onsidering the work of Koh et al. [7℄, where the spetral
density SI(ω) of the noise urrent in the resistor of a resistively shunted Josephson juntion
was measured and onfronted against the theoretial predition,
SI(ω) =
4
R
(
h¯ω
2
+
h¯ω
exp(h¯ω/kBT )− 1)
)
, (1)
and good agreement was found between experimental results and theory (T is the tem-
perature and R the resistane of the resistive shunt).
Eq. (1) omes from an appliation of the utuation-dissipation theorem (FDT) [13℄
and we immediately reognize the term in parenthesis as the mean energy of a quantum
harmoni osillator of frequeny ω in a thermal bath. Where does this Bose-Einstein
(BE) distribution fator ome from? Does it reet an underlying harmoni osillator
struture of the system [14℄? If yes, whih harmoni osillators are involved in Eq. (1)? A
orret answer to these questions will turn out to be ruial in understanding the status
of the Bek and Makey proposal [5, 6℄ and, we believe, in settling the ontroversy.
Bek and Makey interpret this fator as oming from the modes of the eletromag-
neti eld in interation with the harged partiles [6℄ and laim that this experiment
provides a diret measurement of vauum utuations of the eletromagneti eld (the
h¯ω
2
term). Moreover, they assume that dark energy originates from vauum utuations
of fundamental quantum elds and onjeture that only those utuations whih an be
measured in terms of a physial power spetrum are gravitationally ative, i.e. ontribute
to dark energy. Then, by observing that for strong and eletroweak interations it is
unlikely that a suitable marosopi detetor exists that an measure the orresponding
vauum spetra, they onlude that the only andidate where we know that a suitable
marosopi detetor exists is the eletromagneti interation [6℄.
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Aordingly, by noting that astrophysial measurements give ̺dark ∼ 10
−47GeV 4 (in
natural units), they argue that there should be a physial ut-o frequeny νc =
ωc
2pi
∼
1.7THz suh that, for frequenies above this ut-o, the spetral funtion of the noise
urrent in the Josephson juntion should behave dierently than in Eq. (1). Aording to
their hypothesis, in fat, for ω ≥ ωc the
h¯ω
2
term should be absent.
Coming bak to the BE distribution fator in Eq. (1), Jetzer and Straumann [8℄ (see
also [15℄) observed that this term simply omes from ratios of Boltzmann fators whih
appear in the derivation of the FDT and stressed that the
h¯ω
2
term has nothing to do
with zero point energies, while Bek and Makey reply that this is ontrary to the view
ommonly expressed in the literature [11℄.
A simple look to the derivation of the FDT (see Setion 2) shows that, as for the
ratios of Boltzmann fators, Jetzer and Straumann [8℄ are denitely right. Nevertheless,
in a sense that we are going to make lear in the following, there is an element of truth
in the ommon lore aording to whih this fator an be regarded as due to a sort of
underlying harmoni osillator struture of the system (the resistive shunt in the ase of
the Koh et al. experiment [7℄).
In a reent paper [16℄ we have shown that whenever linear response theory applies,
whih is the main hypothesis under whih the FDT is derived, any generi bosoni and/or
fermioni system an be mapped onto a titious system of harmoni osillators in suh
a manner that the quantities appearing in the FDT oinide with the orresponding
quantities of the titious one (for ompleteness, in setions 2 and 3 we briey review
these results. For a omprehensive exposition, however, see [16℄).
This allows us to understand in whih sense the harmoni osillator interpretation an
be put forward so that we shall be able to say whether the Bek and Makey's proposal
is tenable or not. We shall see that it is not.
The rest of the paper is organized as follows. In Setion 2 we briey review the deriva-
tion of the FDT and onsider two onvenient expressions for the power spetrum of the
utuating observable and for the imaginary part of the orresponding generalized sus-
eptibility respetively. In Setion 3 we onsider the speial ase of a system of harmoni
osillators in interation with an external eld and show how the above mentioned map-
ping is onstruted. In Setion 4 we apply the results of the two previous setions to our
problem, namely the dark energy interpretation [5, 6℄ of the measured power spetrum
SI(ω) [7℄ and show that this interpretation is untenable. Setion 5 is for our onlusions.
2 The utuation-dissipation theorem
In the present setion we briey review the derivation of the FDT (see [15℄ for more
details) and provide expressions for the spetral funtion and the imaginary part of the
generalized suseptibility whih will be useful for our following onsiderations.
Consider a marosopi system with unperturbed hamiltonian Hˆ0 under the inuene
of the perturbation
Vˆ = −f(t) Aˆ(t) , (2)
3
where Aˆ(t) is an observable (a bosoni operator) of the system and f(t) an external gener-
alized fore
4
. Let |En〉 be the Hˆ0 eigenstates (with eigenvalues En) and 〈En|Aˆ(t)|En〉 = 0.
Within the framework of linear response theory, the quantum-statistial average 〈Aˆ(t)〉f
of the observable Aˆ(t) in the presene of Vˆ is given by
〈Aˆ(t)〉f =
∫ t
−∞
dt′χ
A
(t− t′)f(t′) (3)
where χ
A
(t− t′) is the generalized suseptibility,
χ
A
(t− t′) =
i
h¯
θ(t− t′)〈[Aˆ(t), Aˆ(t′)]〉 = −
1
h¯
GR(t− t
′) , (4)
with 〈...〉 =
∑
n ̺n〈En|...|En〉, ̺n = e
−βEn/Z , Z =
∑
n e
−βEn
, GR(t − t
′) being the
retarded Green's funtion and Aˆ(t) = eiHˆ0t/h¯Aˆe−iHˆ0t/h¯.
If we now onsider the mean square of the observable Aˆ(t) and write the generalized
suseptibility χ
A
as χ
A
= χ
′
A
+ i χ
′′
A
(with χ
′
A
the real part and χ
′′
A
the imaginary part of
χ
A
), it is not diult to show (see [15℄ and [16℄) that the Fourier transform 〈Aˆ2(ω)〉 of
〈Aˆ2(t)〉 is related to the Fourier transform χ
′′
A
(ω) through the relation
〈Aˆ2(ω)〉 = h¯χ
′′
A
(ω)
1 + e−βh¯ω
1− e−βh¯ω
= h¯χ
′′
A
(ω) coth
(
βh¯ω
2
)
= 2 h¯χ
′′
A
(ω)
(
1
2
+
1
eβh¯ω − 1
)
, (5)
whih is the elebrated FDT.
In Eq. (5) we reognize the ratio of Boltzmann fators alluded by Jetzer and Strau-
mann [8℄. Atually, it was already observed by Kubo et al. [15℄ that the BE fator in
Eq. (5) is simply due to a peuliar ombination of Boltzmann weights and that there is
no referene to physial harmoni osillators of the system whatsoever. However, as we
already said in the Introdution, there is an element of truth in the ommon lore whih
onsiders this term as due to a sort of harmoni osillator struture of the system (the
resistive shunt in the ase of the Koh et al. experiment [7℄).
In order to show that, we now refer to our reent work [16℄, where we have derived the
following useful expressions for 〈Aˆ2(ω)〉 and χ
′′
A
(ω) :
〈Aˆ2(ω)〉 = π
∑
j>i
(̺i − ̺j)|Aij |
2 coth
(
βh¯ωji
2
)
[δ (ω − ωji) + δ (ω + ωji)] (6)
= π coth
(
βh¯ω
2
)∑
j>i
(̺i − ̺j)|Aij|
2 [δ (ω − ωji)− δ (ω + ωji)] , (7)
χ′′(ω) =
π
h¯
∑
j>i
(̺i − ̺j)|Aij|
2 [δ (ω − ωji)− δ (ω + ωji)] . (8)
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More generally, we ould onsider a loal observable and a loal generalized fore, in whih ase
we would have Vˆ = −
∫
d3 ~rAˆ(~r)f(~r, t), and suessively dene a loal suseptibility χ(~r, t; ~r′, t′) (see
Eq. (4) below). As this would add nothing to our argument, we shall restrit ourselves to ~r-independent
quantities. The extension to inlude loal operators is immediate.
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Clearly, from Eqs. (7) and (8) the FDT (Eq. (5)) is immediately reovered. However, what
matters for our sopes are the expliit expressions in Eqs. (6) and (8). Starting from these
equations, in fat, we an easily show that it is possible to build up a mapping between the
real system and a titious system of harmoni osillators [16℄ in suh a manner that χ
′′
A
(ω)
and 〈Aˆ2(ω)〉 are exatly reprodued by onsidering the orresponding quantities of the
titious system. In the following setion we outline the main steps for this onstrution
(see [16℄ for details).
3 The Mapping
In order to build up this mapping, we onsider rst a system Sosc of harmoni osillators
(eah of whih is labeled below by the double index {ji} for reasons that will beome
lear in the following) whose free hamiltonian is:
Hˆosc =
∑
j>i
(
pˆ 2ji
2Mji
+
Mjiω
2
ji
2
qˆ 2ji
)
, (9)
where ωji are the proper frequenies of the individual harmoni osillators and Mji their
masses. Let |nji〉 (nji = 0, 1, 2, ...) be the oupation number states of the {ji} osillator
out of whih the Fok spae of Sosc is built up. Let us onsider also Sosc in interation
with an external system through the one-partile operator:
Vˆosc = −f(t)Aˆosc , (10)
with
Aˆosc =
∑
j>i
(αji qˆji) . (11)
Obviously, the FDT applied to Sosc gives 〈Aˆ
2
osc(ω)〉 = h¯χ
′′
osc(ω) coth
(
βh¯ω
2
)
, but this is not
what matters to us.
What is important for our purposes is that, as shown in [16℄, for Sosc we an exatly
ompute 〈Aˆ2osc(ω)〉 and χ
′′
osc(ω). The reason is that for this system, dierently from any
other generi system, we an expliitly ompute the matrix elements of Aˆosc. The result
is (ompare with Eqs. (6), (7) and (8)):
〈Aˆ2osc(ω)〉 = π
∑
j>i
α2ji
h¯
2Mjiωji
coth
(
βh¯ωji
2
)
[δ(ω − ωji) + δ(ω + ωji)] (12)
= π coth
(
βh¯ω
2
)∑
j>i
α2ji
h¯
2Mjiωji
[δ(ω − ωji)− δ(ω + ωji)] ; (13)
χ
′′
osc(ω) =
π
h¯
∑
j>i
α2ji
h¯
2Mjiωji
[δ(ω − ωji)− δ(ω + ωji)] . (14)
Naturally, omparing Eq. (13) with Eq. (14) we see that for Sosc the FDT holds true, as
it should. However, for our sopes it is important to note the following. For this system,
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the coth
(
βh¯ω
2
)
fator of the FDT originates from the individual ontributions coth
(
βh¯ωji
2
)
of eah of the harmoni osillators of Sosc.
We an now build up our mapping. Let us onsider the original system S, desribed
by the unperturbed hamiltonian Hˆ0 , in interation with an external eld f(t) through the
interation term Vˆ = −f(t) Aˆ (see Eq. (2)), and onstrut a titious system of harmoni
osillators Sosc, desribed by the free hamiltonian Hˆosc of Eq. (9), in interation with the
same external eld f(t) through the interation term Vˆosc of Eq. (10), with Aˆosc given by
Eq. (11), where for αji we hoose
αji =
(
2Mjiωji
h¯
) 1
2
(̺i − ̺j)
1
2 |Aij| (15)
and for the proper frequenies ωji of the osillators
ωji = (Ej − Ei)/h¯ > 0 , (16)
with Ei the eigenvalues of the hamiltonian Hˆ0 of the real system.
By omparing Eq. (13) with Eq. (7) and Eq. (14) with Eq. (8), it is immediate to see
that with the above hoies of αji and ωji we have:
〈Aˆ2(ω)〉 = 〈Aˆ2osc(ω)〉 (17)
χ
′′
A
(ω) = χ
′′
osc(ω) . (18)
Eqs. (17) and (18) dene the mapping we are looking for. They show that it is possible
to map the real system S onto a titious system of harmoni osillators Sosc ,
S → Sosc , (19)
in suh a manner that χ
′′
A
(ω) and 〈Aˆ2(ω)〉 of the real system are equivalently obtained
by omputing the orresponding quantities of the titious one. The key ingredient to
onstrut suh a mapping is the hypothesis that linear response theory is appliable (whih
is the entral hypothesis under whih the FDT is established).
Now, by onsidering the equivalent harmoni osillators system Sosc rather than
the real one, we an somehow regard the BE distribution fator coth
(
βh¯ω
2
)
of the FDT
in Eq. (5) as originating from the individual ontributions coth
(
βh¯ωji
2
)
of eah of the
osillators of the equivalent titious system (see above, Eqs. (12), (13) and (14)). In this
sense, this mapping allows for an osillator interpretation of the BE term in the FDT.
At the same time, however, the above ndings learly teah us that the BE distribution
term in the FDT does not desribe the physial nature of the system. It rather enodes a
fundamental property of any bosoni and/or fermioni system: whenever linear response
theory is appliable, any generi system is equivalent (in the sense dened above) to a
system of quantum harmoni osillators.
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4 Dark energy and laboratory experiments
We are now in the position to apply the results of the two previous setions to our
problem. As we said in the Introdution, Bek and Makey [5, 6℄ interpret the Koh
et al. experimental results [7℄ for the spetral density SI(ω) of the noise urrent in a re-
sistively shunted Josephson juntion as a diret measurement of vauum utuations of
the eletromagneti eld in the shunt resistor. Moreover, aording to their ideas, these
zero-point energies are nothing but the dark energy of the universe.
In view of our results, however, this interpretation seems to be untenable. Eq. (1) for
SI(ω) omes from an appliation of the FDT to the ase of the noise urrent in the shunt
resistor. Therefore, aording to our ndings, the BE distribution fator whih appears
in SI(ω) has nothing to do with thermal and vauum utuations of the eletromagneti
eld in the resistor. Our analysis shows that this fator rather reets a general property
of any quantum system valid whenever linear response theory applies. The resistor (as
well as any other generi system) an be mapped onto a system of titious harmoni
osillators in suh a manner that the the power spetrum of the noise urrent and the
related suseptibility an be reprodued by onsidering the equivalent quantities for the
titious osillators.
It is in this sense, and only in this sense, that the BE fator an be interpreted
in terms of harmoni osillators, no other physial meaning an be superimposed on it.
Aording to these onsiderations, we onlude that the laim that dark energy is observed
in laboratory experiments [5, 6℄ is based on an inorret interpretation of the origin of the
BE fator in the FDT.
We believe that this should help in solving the ontroversy, whih is left open in the
Copeland et al. review [3℄, between the proponents [5, 6℄ of the dark energy interpretation
of the Koh et al. experiments [7℄ and the opponents [8, 9, 10, 12℄. In this respet, it is
worth to stress that our analysis provides new arguments whih strongly support the
onlusions of these latter works [8, 9, 10, 12℄.
A distintive new element of our work, whih in our opinion should greatly help in
settling the question, onerns the interpretation of the FDT presented in setion 5 of [6℄.
These authors note that, although the FDT is valid for arbitrary hamiltonians H , where
H need not to desribe harmoni osillators, in the FDT appears a universal funtion
Huni, Huni =
1
2
h¯ω + h¯ω/(exp(h¯ω/kT )− 1), whih an always be interpreted as the mean
energy of a harmoni osillator. Then, they identify the
1
2
h¯ω in Huni as the soure of dark
energy.
The distintive feature of our analysis is that, with the help of the formal mapping
disussed in the previous setion, whih is valid for any generi system, the reason for
the appearane of this universal funtion is immediately apparent. At the same time,
however, this learly shows that it annot be laimed that the Koh et al. [7℄ experimental
devie is measuring zero point energies. As already noted in [8, 12℄, these experiments
simply measure a general quantum property of the system, the
1
2
h¯ω in SI(ω) has nothing
to do with zero point energies.
Another very important point related to these issues onerns future measurements [17,
7
18℄ of the power spetrum SI(ω) for values of the frequeny higher than those measured
by Koh et al. [7℄. In fat, aording to Bek and Makey [5, 6℄, in forthoming experi-
ments [17, 18℄, whih are purposely designed to test a higher frequeny range of SI(ω),
we should observe a dramati hange in the behavior of the spetral funtion SI(ω) for
these higher values of the frequeny due to the presene of a ut-o whih separates
the gravitationally ative modes from those whih are not gravitationally ative (see the
Introdution). In view of our ndings, however, we do not expet to observe in these
experiments [17, 18℄ any hange in the behavior of SI(ω). We simply state that suh a
ut-o does not exist.
In this respet, we note that Bek and Makey have reently proposed a new model
for dark energy whih should naturally inorporate suh a ut-o [19℄. Aording to our
analysis, this model seems to be deprived of any experimental and theoretial support.
As a onsequene of our results, a deviation of SI(ω) from the behavior given in Eq. (1)
ould be observed only if the entral hypothesis on whih the derivation of the FDT is
based, namely the appliability of linear response theory, no longer holds true in this
higher frequeny region.
5 Summary and Conlusions
With the help of a general theorem, whih shows that (under the assumption that lin-
ear response theory is appliable) any bosoni and/or fermioni fermioni system an be
mapped onto a titious system of harmoni osillators, we have shown that the appear-
ane of a Bose-Einstein distribution fator in the power spetrum of the noise urrent of
a resistively shunted Josephson juntion [7℄ has nothing to do with a real (physial) har-
moni osillator struture of the shunt resistor. We then onlude that, ontrary to reent
laims [5, 6℄, experiments where this power spetrum was measured [7℄ do not provide any
diret measurement of zero point energies and, as a onsequene, no dark energy has ever
been measured in these laboratory experiments.
A diret onsequene of our analysis is that, ontrary to what is predited in [5, 6℄, we
do not expet any deviation from the linear rising behavior of SI(ω) with ω. Aording
to our analysis, in fat, the
1
2
h¯ω term in SI(ω) has nothing to do with the dark energy in
the universe, therefore we do not expet any ut-o whih separates the gravitationally
ative zero point energies from the gravitationally non-ative ones.
Finally, our analysis suggests that the theory whih should naturally inorporate suh
a ut-o [19℄ is deprived of any experimental and theoretial foundation.
We believe that our work provides a satisfatory answer to the intriguing and im-
portant question left open by Copeland et al. in the setion of their review devoted
to the possibility of measuring dark energy in laboratory experiments [3℄: time will tell
who (if either) are orret. Aording to our analysis, the opponents to the dark energy
interpretation of the Koh et al. experiments [7℄ are orret.
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